The change in the absorption loss of IR-transmitting chalcogenide glass fibers in the temperature range of Ϫ90°C Յ T Յ 70°C was investigated. For sulfur-based glass fibers the change in loss relative to room temperature was slightly affected by the temperature in the wavelength region of 1-5 m. For Ն 6 m the change in loss was mainly due to multiphonon absorption. The change in loss for tellurium-based glass fibers increased significantly at T ϭ 60°C. The increase in the loss at short wavelengths ͑ Յ 4.1 m͒ was due to electronic excitations in the tail states. Between 5 and 9 m there was noticeable free-carrier absorption. Beyond Ն 9 m, multiphonon absorption dominated the loss spectrum.
Introduction
Silica and fluoride optical glasses have limited use because these glasses do not transmit much beyond 2 and 3 m, respectively, owing to multiphonon absorption. 1 Chalcogenide glasses have received a great deal of attention owing to their wide range of IR transmission, typically from 1 to 13 m. 1 Chalcogenide glasses are made from mixtures of chalcogen elements, S, Se, and Te. The addition of network formers such as germanium, arsenic, and antimony establishes cross-linking between the tetrahedral and the pyramidal units, which facilitates stable glass formation. The chalcogenide glasses are stable against crystallization, are chemically inert, have excellent thermal stability, and are relatively easy to fiberize. Chalcogenide optical fibers are currently being used in laser power delivery ͑e.g., CO at 5.4 m and CO 2 at 10.6 m͒ as well as in fiber-optic chemical sensor systems using absorption, evanescent, and diffusive reflectance spectroscopy for environmental and Department of Defense facility cleanup. [2] [3] [4] [5] In addition these fibers are used in IR countermeasure and laser threat-warning systems to enhance aircraft survivability. 6 We have developed and fabricated stable low-loss IR-transmitting chalcogenide glass fibers that transmit to beyond 10 m. Improved purification and processing techniques have been used to fabricate low-loss tellurium-containing fiber ͑Ge 30 As 10 Se 30 Te 30 ͒ that transmits in the 2-10-m region with a loss of 0.11 dB͞m at 6.6 m. 7 Similarly, arsenic-sulfide-based fibers that transmit in the 1-6.5-m region have been obtained with losses of less than 0.1 dB͞m at lengths of as many as 50 m. 8 Since low-loss chalcogenide fibers now enable numerous applications, the question arises as to whether their loss is affected by environmental changes, especially temperature. Therefore the objective of this paper is to investigate the temperature dependence of the absorption loss in the IRtransmitting region for telluride and sulfide fibers. Also for sulfide fibers the temperature dependence on the absorption of low-loss high-purity fiber was compared with that of high-loss low-purity fiber.
Experimental Methods

A. Fabrication of Telluride and Sulfide Optical Fibers
The compositions of the core and the clad for the telluride fiber were Ge 30 As 10 3 . The arsenic and selenium were distilled further to remove scattering centers such as carbon, quartz particles, residual trapped gases, and other extraneous particles. The three times zone-refined Ge was used as received. The 99.9999% purity sulfur was distilled six times before use to remove trapped gases and particulate impurities.
High-quality quartz distillation ampoules were etched with 50͞50 mol.% of hydrofluoric acid͞deion-ized water for 2 min and then rinsed with deionized water several times. The ampoules were dried in a vacuum oven at 110°C for 3 h. The chemicals were batched in these ampoules inside a glove box in a dry nitrogen atmosphere. To fabricate the core rods, we batched the ampoules containing the core composition by using purified chemicals. These ampoules were evacuated at 10 Ϫ5 Torr for 5 h, sealed with an oxygen-methane torch, and placed in a two-zone furnace for melting. The melts were distilled and then remelted for homogenization. Approximately 10 ppm of elemental Al was added to the telluride batches to getter the oxygen impurities before distillation. All the glass melts were quenched and annealed from the glass-transition temperatures ͑205 and 265°C for sulfide and telluride glass rods, respectively͒. Rods with cores of approximately 6-mm diameter and lengths as great as 12 cm were obtained. The processes of fabricating telluride and sulfide cladding tubes were similar except that the melts were spun at ϳ2500 rpm during cooling. 8 The cladding tubes were also annealed. The typical dimensions of the cladding tubes were approximately 6-mm inner diameter and 10-mm outer diameter. The fiberization was based on the rod-in-tube process. The sulfide and the telluride fibers were drawn between 330 and 400°C at a rate of 0.5-2 m͞min, depending on the required thickness of the fibers. 8 The sulfide and the telluride fibers were coated with poly͑vinylidene fluoride͒ ͑PVF 2 ͒ and Teflon, respectively, to protect the fiber from abrasion. The diameters of the fiber core, cladding, and PVF 2 or Teflon jacket were 200, 330, and 370 m, respectively. Lowquality arsenic-sulfide fibers were made with two times distilled sulfur. Figure 1 shows the experimental setup used in measuring the relative change in transmission during heating with respect to room temperature. A fiber 1 m long was placed inside a cylindrical furnace 72 cm long with a 16-mm inner diameter. The ends of the furnace were closed off with insulation to minimize heat loss. The temperature inside the furnace was controlled uniformly so that the change in temperature along the length of the furnace was Ϯ0.5°C. The two 14-cm end sections of the fiber outside the furnace were exposed to room temperature during the measurement. During heating for each measurement the temperature was held at 10 min to achieve equilibrium. Figure 2 shows the experimental setup used in measuring the relative change in transmission during cooling with respect to room temperature. Inside a Styrofoam box 3 m of fiber was placed on top of a stainless-steel plate 1͞16 in. ͑0.158 cm͒ thick suspended above a liquid nitrogen bath. Two thermocouples were used to monitor the temperature. One was on the stainless-steel plate and the other was ϳ2 mm above the stainless-steel plate. The temperature readings from these two thermocouples were within Ϯ1°C. During cooling for each measurement the temperature was held for ϳ5 min to achieve equilibrium.
B. Experimental Setup for Heating and Cooling the Fibers
The relative change in transmission of a fiber caused by varying temperatures was determined by the following method. The ends of the fiber were connected to an Analect Diamond 20 Fouriertransform IR spectrometer. The intensity of the light transmitted through the fiber at room temperature ͓I 0 ͔ was recorded and used as the reference for the measurement. The intensity ͓I T ͔ of the transmitted light was recorded at specific temperatures as the fiber was either heated or cooled. The relative change in loss was calculated by
where ⌬trans ϭ I T ͞I 0 and l is the length of the fiber in the heating͞cooling zone.
C. Measurement of the Glass-Transition Temperature and the Optical Gap
Differential scanning calorimetry was used to determine the glass-transition temperature T g for an ϳ40-mg glass sample of each composition at a heating rate of 10°C͞min under Ar gas. The absorption spectra near the electronic edge were measured with a Cary 5G spectrophotometer on 4-mm-thick samples with an optical finish on both endfaces. The absorption data were normalized with respect to the sample's thickness.
Results and Discussion
The fundamental optical gap of chalcogenide glasses can be determined from the spectral dependence of ␣͑h͒ with Tauc's relationship 9 :
where ␣ is the absorption coefficient ͑cm Ϫ1 ͒, h is Planck's constant ͑eV s͒, is the frequency ͑s Ϫ1 ͒, B is a material-dependent constant, and E 0 is the optical gap ͑eV͒. The intercept of ͑␣h͒ 1͞2 versus h yields the value of the optical gap. Figure 3 shows the plot of ͑␣h͒ 1͞2 as a function of photon energy ͑h͒ for the tellurium-containing glasses ͑Ge 30 As 10 Se 30 Te 30 and Ge 25 As 12 Se 40 Te 23 ͒ and sulfur-based glasses ͑As 40 S 60 and As 40 S 55 Se 5 ͒ measured at room temperature. In Table 1 we list the optical gap and the glasstransition temperature for the sulfide and the telluride glasses. It is clearly evident that the telluride glasses possess lower optical gaps, and furthermore the selenium doping of the sulfide glasses reduces the optical gap of the sulfide glass. Figure 4 shows the change in loss of the sulfide fiber with increasing temperature. The absorption peak at 2.83 m is due to the symmetric stretching vibration of H 2 O molecules. The fiber becomes more transparent at 2.83 m with increasing temperature, perhaps because of the diffusion of a physiadsorbed H 2 O species at the fiber-PVF 2 interface out through the PVF 2 jacket. This increasing transparency is possible because of the weak secondary van der Waals bonding and the relatively open structure in PVF 2 whose structure consists of large chains of OCH 2 CF 2 O molecules. In fact as the temperature drops back to 20°C the change in loss at 2.83 m remains Ϫ0.12 dB͞m, thereby confirming the diffusion of a physiadsorbed H 2 O species through the PVF 2 jacket. At T ϭ 70°C there is a noticeable increase in the loss at ϳ3.5 m, which is attributed to the presence of the PVF 2 coating. This increase is due to thermal energy that increases the vibration of the OCH 2 CF 2 O species, resulting in an increased loss. Overall the change in loss in the wavelength region from ϳ1.6 m to 5 m is affected only slightly by temperature. In addition a band centered at ϳ4.3 m is attributed to CO 2 and decreases in intensity as the temperature rises, probably owing to desorption and then diffusion of physiadsorbed CO 2 gas at the fiber surface through the PVF 2 jacket. Similarly a small band at ϳ3.3 m is attributed to COH groups owing to the removal of organic impurities from the glass fiber surface.
Between 5 and 7 m ͑Fig. 4͒ there are several bands separated into four groups that occur at 5.0 -5.4, 5.4 -5.85, 5.85-6.3, and 6.3-6.6 m. The band group between 5.0 and 5.4 m has been attributed to a carbene species. 10 Their origin is attributed to residual impurity carbon compounds and hydrides of S and As that remain after purification in the precursors. During high-temperature glass melting the glass precursors undergo dehydrogenation and reaction with the carbon impurity compounds according to the following transformation 10 : alkanes 3 alkenes ͑alkynes͒ 3 polyalkenes ͑polyalkynes͒ 3 carbene.
These reactions also enable the formation of carbon oxides, organic sulfides, and disulfide species. The bands between 5.4 and 5.85 m are due to the vibration of the polyacetylene species. 10 The bands in the 5.85-6.3-m region are assigned to the presence of carbon-oxygen-sulfur ͑COS͒ species ͑6.0 m͒ and hydrides of S and As. 10 The bands in the 6.3-6.6-m region are assigned to the vibration of molecular H 2 O ͑6.32-m͒, carbon oxides, and carbon disulfides CS 2 ͑6.61-m͒ species. 10 The loss in these four regions increases with increasing temperature. The electromagnetic energy excites and increases the vibration of these species, which readily couple to the anharmonic interaction in the lattice, resulting in higher IR absorption. Beyond 6.6 m the change in loss is mainly due to multiphonon absorption. The increased loss is directly due to nonlinearities in the electric dipole moment 11 and indirectly from an anharmonic interaction between IR-active phonons and photons. 12 Anharmonic interaction occurs since the number of phonons increase with temperature in accordance with the Planck distribution function ͗n͘ ϭ ͓exp͑ប͞kT͒ Ϫ 1͔
Ϫ1 . The loss increases with higher temperature in accordance with
where A͑T͒exp͓b͑T͔͒ is the multiphonon absorption at temperature T and A exp͑b͒ is the multiphonon absorption at room temperature. A͑T͒ and b͑T͒ are material-and temperature-dependent constants and is the wavelength. Figure 5 shows a comparison of the relative change in loss of the sulfide fibers at 50°C made with highand low-purity chemicals. For the low-purity sulfide fiber there are additional peaks at 2.9, 4.03, 4.89, and 5.0 m that are assigned to the vibrations of OOH, HOS, COO, and COOOS species, respectively. Typically, for the sulfide fibers made with low-purity chemicals, the losses due to these OOH, HOS, COO, and COOOS impurities were approximately Ͻ3, 25, 5, and Ͻ1 dB͞m, respectively. Furthermore the residual OOH in the glass gives a discernible band at ϳ2.9 m in the low-purity sulfide fiber spectrum. Figure 6 shows a change in loss in the sulfide fiber as the temperature decreases. The bands at 2.92 and 4.03 m are due to the stretching vibration of OOH and HOS, respectively. As the temperature Fig. 4 . Effect of heating on the change in loss of sulfide fiber. During heating for each measurement the temperature was held for 10 min to achieve equilibrium. Between 20 and 70°C the thermally induced losses are exactly the same, i.e., reversible with temperature during heating up and during cooling down to room temperature. decreases from 20 to Ϫ90°C the loss at these two wavelengths increases. The loss behavior at these two wavelengths is not well understood. We speculate that the loss behavior may be due to condensation of physiadsorbed H 2 O on the surface of the fiber and possible hydrolysis to form an OOH and a HOS species, or it could be due to impurity-related electrically active states within the optical gap. As the temperature decreases from 20 to Ϫ90°C the extension of the tail in the optical gap decreases. With decreasing temperature the relative energy levels of these impurity-related electrically active states overlap less within the tail, thereby making it easier for optical excitation from these impurity-related electrically active states to occur. This optical excitation causes an increased change in loss at 2. This loss is mainly due to a decrease in the coupling of IR light with IR excitation of vibrational modes of carbene ͑5.1-5.4 m͒, polyacetylene ͑5.4 -5.85 m͒, and the COS species and the hydrides of S and As ͑5.85-6.35 m͒, respectively. Also the multiphonon edge absorption decreases owing to fewer phonons. Figure 7 shows a change in loss relative to room temperature of the sulfide fiber at three distinct wavelengths, namely, at 2, 4.5, and 6.5 m. At 2 and 4.5 m, between Ϫ90 and 60°C the change in loss relative to room temperature is small because the sulfide fiber has a large optical gap ͑2.24 eV͒ and the free-carrier absorption and multiphonon absorption are negligible. At 6.5 m the change in loss relative to room temperature increases and is due to multiphonon absorption. This change occurs when a photon excites the fundamental phonon-photon modes, which subsequently decays anharmonically into other secondary phonons. From Fig. 7 the temperature dependence of the change in loss, d͑⌬␣͒͞dT, of the sulfide fibers at ϭ 2, 4.5, and 6.5 m was calculated by linear regression to be 1.9 ϫ 10 Ϫ4 , 1.4 ϫ 10
Ϫ4
, and 4.3 ϫ 10 Ϫ3 dB͞m͞°C, respectively ͑see Table 2͒. For example, for an application that nominally operates at 25°C and requires a 5-m length of sulfide fiber, the calculated changes in loss, d͑⌬␣͒͞dT, at ϭ 2, 4.5, and 6.5 m are 0.024, 0.018, and 0.538 dB, respectively. Therefore sulfide fibers are good candidate materials for laser power delivery in the IR ͑e.g., CO lasers that operate at 5.4 m͒. Figure 8 shows the change in loss of the telluride fiber as the temperature is increased from 20 to 60°C. The two bands at ϳ4.2 and 5.0 m are due to the stretching vibration of SeOH and GeOH, 13 respectively. In the short-wavelength cutoff region between 4 and 5 m the loss curve follows the standard Urbach edge 14 behavior that occurs when free electrons in the mobility edge absorb sufficient photon energy and jump across the optical gap into the conduction band. The increased loss increases with Fig. 5 . Comparison between change in loss of sulfide fibers made with high-and low-purity chemicals at a temperature of 50°C. Fig. 6 . Effect of cooling on the change in loss of sulfide fiber. For each measurement the temperature was held for ϳ5 min to achieve equilibrium. Between 20 Յ T Յ Ϫ90°C the thermally induced losses are exactly the same because the experiment was repeated three times with the same fiber. higher temperature in accordance with the following empirical relationship:
where C͑T͒exp͓d͑T͔͒͞ is the electronic absorption at temperature T and C exp͑d͒͞ is the electronic absorption at room temperature. C͑T͒ and d͑T͒ are material-and temperature-dependent constants. In the tellurium-based glass, since tellurium possesses a semimetallic character, the free-electron concentration increases with temperature because of the smaller optical gap ͑E 0 ϭ 1.17 eV͒. Depending on the temperature, this free-electron concentration would contribute to the overall loss spectrum as free-carrier absorption. The free-carrier absorption is an indirect process that involves both a photon and a phonon. This indirect process occurs when electrons in the lower conduction band absorb the incident electromagnetic radiation and are excited to the higher-lying conduction bands ͑intraband absorption͒ or states in different bands ͑interband absorption͒. As the temperature increases, these electrons are scattered inelastically by lattice vibrations, transferring energy to the lattice of the material. The intraband absorption ␣ fc follows the empirical relationship 15 :
where G is the constant for optical phonon scattering and m lies between 1.5 Յ m Յ 3.5. Materials with a higher carrier mobility have a larger m value. The absorption depends on the free-carrier concentration that obeys Fermi statistics. From Fig. 8 at T Ն 30°C in the electronic edge region ͑ ϭ 4.1 m͒ the change in loss is due to both electronic and freecarrier absorption, i.e., ⌬␣͑T͒ ϭ ⌬␣ el ͑T͒ ϩ ⌬␣ fc ͑T͒. At T ϭ 30°C the change in loss is predominantly due to electronic absorption, whereas at T ϭ 60°C both the electronic and the free-carrier absorption contributed to the total loss. Between the electronic and the multiphonon edges ͑ ϭ 6 -9 m͒ the change in loss is mainly due to free-carrier absorption. In addition Rayleigh scattering also contributes to the total loss, but the contribution is very small and is discussed below. At T ϭ 60°C and beyond 9 m the change in loss associated with the long-wavelength absorption edge is due to free-carrier absorption and multiphonon absorption, i.e., ⌬␣͑T͒ ϭ ⌬␣ mp ͑T͒ ϩ ⌬␣ fc ͑T͒. The mechanism of multiphonon absorption for the telluride fiber is the same as that of the sulfide fiber discussed above. Inagawa et al. 16 have shown that for the Ge-As-Se-Te glass system the activation energies for the multiphonon and free-carrier absorption are 0.06 eV ͑23-67°C͒ and 0.01 eV ͑77-127°C͒, respectively. Figure 8 shows that for the telluride fiber at T Յ 60°C the increase in loss beyond 9 m is mainly due to multiphonon absorption. At T ϭ 60°C there is a small contribution of free-carrier intraband absorption to the overall change in loss. Although no measurement was taken for T Ͼ 60°C it is expected that at T Ն 80°C free-carrier absorption is more dominant than multiphonon absorption based on its smaller activation energy. 16 Figure 9 shows the change in loss of the telluride fiber as the temperature decreases from 20 to Ϫ60°C. For the Urbach edge region ͑ Յ 4.2 m͒ the loss decreases and is due to less thermally activated free electrons in the mobility edge able to jump across the gap into the conduction band. Also, since the tellurium-based glass possesses a semimetallic character, the optical gap widens as the temperature decreases and the excitation of free electrons in the mobility edge and excitation of bound valence electrons into the conduction band becomes less likely. Between the short-and the long-wavelength region ͑6 -9 m͒ the overall change in loss is negligible; i.e., the effect of free-carrier absorption is small since free carriers are thermally activated. Beyond 10 m the telluride fiber becomes more transparent with cooling owing to reduced multiphonon absorption. This increased transparency is due to less anharmonic interaction since the number of phonons ͗n͘ available is lower. Figure 10 shows the change in loss relative to room Fig. 8 . Effect of heating on the change in loss of telluride fiber. During heating for each measurement the temperature was held for 10 min to achieve equilibrium. Between 20 and 60°C the thermally induced losses are exactly the same during heating up and during cooling down to room temperature. Fig. 9 . Effect of cooling on the change in loss of telluride fiber. For each measurement the temperature was held at ϳ5 min to achieve equilibrium. Between 20 Յ T Յ Ϫ60°C the thermally induced losses are exactly the same because the experiment was repeated three times with the same fiber.
temperature of the telluride fiber at three distinct wavelengths of 4.1, 8.0, and 11 m. At the electronic-edge region ͑ ϭ 4.1 m͒, for Ϫ40°C Յ T Յ 60°C, a larger slope in the change in loss relative to room temperature was observed ͑compared with ϭ 8, 10.6 m͒. This larger slope occurs because the telluride fiber has a small optical gap ͑E 0 ϭ 1.17 eV at 22°C͒, and so electronic and free-carrier absorption can occur easily. Below T Յ Ϫ40°C there appears to be a sharp decrease in loss. This decrease could possibly be due to the widening of the optical gap as the temperature decreases or the contribution of free-carrier absorption being very small. In the minimum loss region ͑ ϭ 8.0 m͒ there is a small increase in the change in loss relative to room temperature. For comparison the minimum loss region of the telluride fiber ͑ ϭ 8.0 m͒ has a larger increase in loss than the sulfide fiber ͑ ϭ 4.5 m͒ for T Ն 30°C. This increase is due to a higher freecarrier absorption associated with a higher freeelectron concentration in the telluride fiber. At the multiphonon-edge region ͑ ϭ 10.6 m͒, as the temperature increases from Ϫ60 to 40°C, thermal vibration and anharmonic interaction between IR-active phonons and photons increase coupling with IR absorption, resulting in a sharp increase in loss relative to room temperature. At T Ն 60°C a small contribution of free-carrier absorption together with a large contribution of multiphonon absorption accounts for the total absorption loss in the telluride fiber. From , and 1.9 ϫ 10 Ϫ2 dB͞m͞°C, respectively ͑see Table 2͒ . Again, if we consider an application that nominally operates at 25°C and that requires 5 m of telluride fiber, the calculated changes in loss, d͑⌬␣͒͞dT, at ϭ 4.1, 8, and 10.6 m are 5.50, 0.25, and 2.38 dB, respectively. The relatively large change in loss limits the lengths that could be used in the laser power delivery of CO 2 lasers that operate at 10.6 m. Chemical-sensing applications in the 6 -9-m region can still be performed with a minimal change in loss.
Impurities also contribute to the total loss of the fiber since impurities introduce states in the optical gap. As the temperature increases, the presence of these states in the gap makes it easier for impurityrelated absorption to occur. However, the exact nature of this impurity-related absorption is complicated and is not treated in this study, although their potential effects are shown in Fig. 5 . On the other hand, the extent of Rayleigh scattering is known and can be estimated for the sulfide and the telluride fibers. Rayleigh scattering occurs as a result of compositional and density fluctuations in the material on a microscopic level, which leads to localized changes in the dielectric constant. This fluctuation in the dielectric constant and variation in the refractive index lead to Rayleigh scattering that has a Ϫ4 wavelength dependence. The Rayleigh-scattering contribution is derived theoretically 17 as
where n is the index of refraction, p is the photoelastic Pockels constant, ␤ T is the isothermal compressibility, k B is the Boltzmann constant, T g is the glasstransition temperature, and C RS is the Rayleighscattering coefficient. By taking the first derivative of Eq. ͑6͒, the loss with respect to temperature due to Rayleigh scattering, d͑␣ RS ͒͞dT, is calculated to be Wn
, and assumes that p and ␤ T are constant. For the sulfide and the telluride fibers, d͑␣ RS ͒͞dT is determined and listed in Table 3 16 T g ϭ 473 K ͑sulfide͒, 538 K ͑tellu-ride͒, and dn͞dT ϭ 1 ϫ 10 Ϫ5 K Ϫ1 ͑sulfide͒, 9 ϫ 10 Ϫ5 K Ϫ1 ͑telluride͒. 16 At T ϭ 70°C for a 5-m-long sulfide fiber between 1 and 5 m the change in loss due to Rayleigh scattering, d␣ RS , is calculated to be less than 3.0 ϫ 10 Ϫ8 dB. Similarly at T ϭ 60°C for a 5-m-long telluride fiber, between 5 and 9 m, d␣ RS is calculated to be less than 2 ϫ 10 Ϫ9 dB. Thus one can see that the loss due to changes in Rayleigh scattering is very small in the sulfide and the telluride fibers and therefore can be neglected.
Conclusions
The change in loss of the sulfide glass fibers is smaller than that of the telluride glass fibers as a function of temperature, because the sulfide glass has a much larger optical gap and less free-carrier absorption. Also since tellurium exhibits a semimetallic character, telluride glass fiber has a greater free-electron concentration than that of the sulfide glass fiber. The smaller optical gap and the larger free-electron concentration possessed by the telluride glass fiber makes it possible for thermally activated free electrons to be excited from the valence to the conduction band and increases the loss in the region of the electronic absorption edge ͑ Յ 4.1 m͒. In addition to this, between wavelengths of 6 and 9 m the telluride fibers exhibit a noticeable free-carrier absorption above 30°C, unlike the sulfide fiber. The longwavelength edge ͑ Ն 9 m͒ is dominated by multiphonon absorption at T Յ 60°C. At T Ն 80°C it is expected that free-carrier absorption is dominant based on the activation energy data. Therefore, owing to a higher temperature dependence on the change in loss, telluride fibers are good for chemical sensings at temperatures of less than 30°C. Since sulfide fibers possess low-temperature dependence on the change in loss, they are currently being used in IR countermeasures and laser threat-warning systems.
